Abstract Children with developmental dyspraxia (DD) express impairments in the acquisition of various motor skills and in the development of their social cognition abilities. Although the neural bases of this condition are not fully understood, they are thought to involve frontal cortical areas, subcortical structures, and the cerebellum. Although cerebellar dysfunction is typically difficult to assess and quantify using traditional neurophysiological methods, oculomotor analysis may provide insight into specific cerebellar patterns. The aim of the present study was to investigate, in dyspraxic and typically developing subjects, various oculomotor saccade tasks specifically designed to reveal frontal and cerebellar dysfunction. In addition to evidence supporting prefrontal dysfunction, our results revealed increased variability of saccade accuracy consistent with cerebellar impairments. Furthermore, we found that dyspraxic patients showed decreased velocities of non-visually guided saccades. A closer analysis revealed significant differences in saccade velocity profiles with slightly decreased maximum saccade velocities but markedly prolonged deceleration phases. We show that this pattern was not related to a decreased state of alertness but was suggestive of cerebellar dysfunction. However, the clear predominance of this pattern in non-visually guided saccades warrants alternative hypotheses. In light of previous experimental and anatomical studies, we propose that this unusual pattern may be a consequence of impaired connections between frontal areas and cerebellar oculomotor structures.
Introduction
Developmental dyspraxia (DD) is a heterogeneous disorder marked by several disabilities in motor and non-motor domains in the absence of clear neurological deficits [1] . Affected children display delayed acquisition of motor skills, particularly affecting body movement coordination (e.g., impaired balance, walking, and running) and fine motor skills (e.g., impaired writing, catching balls). Cluster analyses of large samples of children with DD have distinguished two pure subtypes, ideomotor and visual-spatial/visual-constructional dyspraxia and a mixed subtype, the latter being the most common [2] . Children with DD also frequently exhibit non-motor difficulties such as in planning, organization, and time management skills and in language and social cognition abilities [3, 4] .
Many studies have examined the affected processes and corresponding neural correlates of DD, the most frequently cited brain structures being the frontal lobes, basal ganglia, and cerebellum [5] . Because DD is associated with impaired motor adaptation, coordination, and balance, the theory that the disorder is cerebellar in nature has been well supported. However, cerebellar dysfunction may be difficult to assess in individuals with subtle symptoms, especially in the absence of quantitative and specific measures.
In contrast to the somatomotor system, the oculomotor system provides an accurate and valid tool for the assessment of cerebellar function. All categories of eye movements involve cerebellar structures [6] . Decreased gain with phase lag of horizontal smooth pursuit [7, 8] and selective impairment of vertical smooth pursuit [9] have been reported. However, no pathological pattern of smooth pursuit impairment may be specifically ascribed to cerebellar dysfunction. Furthermore, smooth pursuit requires cooperation and attentional resources that may be dubious in young patients.
Conversely, our understanding of the cerebellar contribution to saccades is much more established, with precise saccade impairments specifically linked to cerebellar dysfunction [6] . Furthermore, saccades enable the targeting of higher cortical functions, especially those involving the frontal lobes [10] . Therefore, it is surprising that saccadic eye movements have not been investigated in dyspraxic children. A major role of the oculomotor cerebellum is the control of saccade accuracy and the maintenance of reduced variability of saccade amplitude on a trial-to-trial basis [6, 11] . The aim of the present study was to analyze saccadic eye movements in a group of patients with DD in comparison to aged-matched typically developing (TD). In order to examine potential cerebellar disorders, we focused on means and variability of saccade amplitude. In order to probe frontal lobe function, we tested several saccade paradigms, with reflexive and volitional saccades, including an antisaccade task especially designed to evaluate the frontal lobe's ability to inhibit reflexive saccades [10] . Our study revealed disorders compatible with both frontal and cerebellar impairments and an unexpected and nonpreviously reported impairment of saccade velocities, mostly observed on non-visually guided saccades, on which the present paper is focused.
Subjects and Methods

Participants
Eleven adolescents with DD (6 boys, 5 girls; mean age 17, SD 2.8) were recruited in the Department of Child and Adolescent Psychiatry of Pitié-Salpêtrière Hospital, Paris. Patients were defined as having DD if they met the following DSM-5 (American Psychiatric Association 2013) [12] criteria for Developmental Coordination Disorder (DCD-because developmental dyspraxia is included in DCD).
A psychomotor assessment, including the M-ABC [13] , Bender [14] , Frostig [15] , and BHK [16] evaluations, was performed by an occupational therapist for all subjects with DD. We excluded patients with a known neurological condition or with verbal IQ < 70. Given the high rate of comorbidity in subjects with dyspraxia, all patients were assessed using the Wechsler Intelligence Scale for Children or Adults according to age [17, 18] .
Subjects with suspicion of autism spectrum disorder or other chronic psychiatric condition (e.g., schizophrenia) were assessed with the Autism Diagnostic Interview-Revised or the Diagnostic Interview for Genetic Studies 2, respectively. Table 1 provides the clinical characteristics of our dyspraxic sample. Each adolescent was individually matched according to age with a typically developing adolescent of the control group.
Control Group
Eleven TD adolescents (4 boys, 7 girls; mean age 17, SD 2.9) were recruited via local high schools for participation in the TD group. Control subjects had no history of learning disabilities, behavior problems, visual perception difficulties, and/or other neuropsychiatric conditions. Cognitive assessments were not performed on the TD group, for which chronological age was used. In addition, chronological age corresponded to expected levels of scholastic achievement for the TD group.
Written consent was received from all participants and/or their parents where appropriate. This study was approved by a local ethics committee and was in accordance with the Declaration of Helsinki.
Oculomotor Study
Our study was initially designed to analyze visually guided saccades and antisaccades in children with DD. The observation of a particular velocity profile in antisaccades prompted us to add two paradigms: the delayed saccade task, i.e., a volitional visually guided saccade task, and the memoryguided saccade task, i.e., a volitional non-visually guided saccade task. Therefore, these two paradigms were performed only in 7 out of our 11 patients.
Setup
Eye movements were recorded in a dark and quiet room. Subjects were seated in an armchair with the head stabilized by a chinrest and a forehead contact. Visual stimulations were displayed on an Iiyama monitor located 57 cm in front of them (visual angle 56°× 35°). Horizontal and vertical eye movements were recorded with a video-based Eyetracker (Mobile EBT©, eyeBRAIN, www.eye-brain.com, France), at a sampling rate of 300 Hz. Each session started with a calibration procedure in which subjects were asked to look at a target presented at 13 successive locations. The oculomotor tasks were controlled by the MeyeParadigm software. Data were stored and analyzed subsequently with the MeyeAnalysis software (both softwares: www.eye-brain. com, France). Saccade onset and offset were automatically detected by a velocity threshold criterion and systematically controlled by the experimenter. Saccades with a latency below 90 ms or altered by blinks were discarded.
A recording session consisted of four different saccade paradigms, each paradigm being consecutively performed twice (with a different sequence of events), always presented in the same order. The rationale for this non-random order was to perform the easiest task first, then to introduce additional tasks of progressively increasing complexity. Each paradigm consisted of 18 rightward and 18 leftward saccades, presented in a semi-random order. Short breaks were taken after each pair of paradigms, during which the instructions for the next paradigm were given. A calibration procedure was systematically performed before starting each new pair of paradigms. The recording session in its entirety did not exceed 20 min. Oculomotor Tasks (Fig. 1) Visually Guided Saccade Task (VGST) A white central fixation point (FP) was initially presented at the center of the screen for 1500-2800 ms. As it disappeared, a green target was simultaneously presented at a 10°, 17°, or 24°lateral position, either right or left, for 1000 ms. The central FP was then turned on again, and a new trial began. Children were instructed to trigger saccades as accurately and as fast as possible from the central FP to the lateral target, then back to the central FP. This paradigm allowed for the triggering of reflexive visually guided saccades.
Delayed Saccade Task (DST) The same initial conditions were used as in the VGST, except that the central FP did not disappear at lateral target onset. Both the FP and target remained on for 5000-7000 ms, then only the FP was turned off. Participants were instructed to trigger a targeting saccade at FP offset. This delayed task allowed for the triggering of more volitional visually guided saccades.
Memory-Guided Saccade Task (MGST)
The same conditions were used as in the DST, except that the peripheral target was flashed during 100 ms. Participants were instructed to wait until FP offset (i.e., during the 5000-7000-ms delay) before triggering a saccade to the remembered position of the flash. This task allowed for the triggering of volitional (i.e., memory-guided) non-visually guided saccades.
Antisaccade Task (AST) The same conditions as in the VGST were used, but participants were instructed to trigger, as fast as possible, a saccade in the opposite direction to the lateral target. This task allowed for the triggering of volitional non-visually guided saccades and evaluation of the ability to inhibit reflexive saccades.
Parameters and Statistical Analysis
Mean saccade latency (time from target onset to saccade triggering, defined by a 40°/s velocity threshold) was measured for all centrifugal saccades. Mean saccade gain (ratio of first saccade amplitude on target position) and the variability of saccade gain were measured in both VGST and DST for centrifugal saccades and in the VGST for centripetal saccades. Mean and maximum saccade velocities were measured for all centrifugal saccades in the visually guided saccades (VGS), MGST, and AST. Since saccade velocity varies with saccade amplitude, saccades were sorted according to their amplitude and classified into three groups: large saccades (20°to 24°), medium saccades (15°to 19°), and small saccades (10°to 14°). Saccade skewness (ratio of the duration of the acceleration period on total saccade duration) was measured for all centrifugal saccades, in all tasks. Since saccade skewness varies with saccade amplitude [19] , saccade skewness was evaluated in different categories of saccade amplitudes, similar to the categories used for the evaluation of saccade velocities.
A skewness index was defined as the antisaccade skewness expressed as a percentage of visually guided saccade skewness. Saccade error rate (percentage of misdirected saccades, i.e., saccades directed towards the target) was measured in the AST.
Statistical Analysis
A Mann-Whitney test (U) was used in order to compare latencies, skewness, error rates, mean gains, and gain variability between the two groups, and a Wilcoxon test was used for intra-group comparisons. A Kruskal-Wallis test (H) was used for the comparisons of saccade velocity and skewness for each of the three different amplitudes and for each saccade parameter between the different tasks. This test was also used for comparisons of saccade skewness between dyspraxic and control groups and in each task. When significant differences were found, post hoc tests with Holm Bonferroni correction for multiple comparisons followed by Mann-Whitney U tests were performed. Furthermore, we compared the skewness of large antisaccades measured in each individual subjects with DD to the mean value of the TD group using the one-way t test for single case [20, 21] . The significance level for all inferential statistics was set at 5 %.
Results
Oculomotor Results (Table 2 )
Saccade Latencies
Mean saccade latencies did not significantly differ between the two groups in the VGST, the DST, and the AST but were significantly increased in dyspraxic participants in the MGST (U = 4; p = 0.00074).
Saccade Gain
Comparison between TD and DD groups showed that the mean gain of centrifugal saccades did not significantly differ in both VGST and DST but that the variability of centrifugal saccade gain was significantly increased in dyspraxic participants in the VGST (U = 10; p = 0.00091) but not in the DST.
The main centripetal saccade gain, measured in the VGST, was not significantly different between the two groups, but the variability of centripetal saccade gain was significantly increased in the dyspraxic group (U = 17.5; p = 0.0047).
Saccade Velocities
Mean saccade velocity was not decreased in dyspraxic subjects in the VGST, for all saccade sizes. Conversely, in the MGST, mean velocity was significantly decreased (H = 35.03; df 5; p = 0.00001) for large (U = 8; p = 0.0029) and medium (U = 4; p = 0.0018) but not small saccades and in the AST (H = 33.3 df 5; p = 0.00001) for large (U = 7.5; p = 0.0002) and medium (U = 3.5; p = 0.0014) but not small saccades.
Maximum saccade velocity was not decreased in dyspraxic subjects in the VGST for all saccade sizes. In the MGST, maximum saccade velocity was significantly decreased (H = 31.23; df 5; p = 0.00001) for medium (U = 7; p = 0.0025) but not for large and small saccades and in the AST (H = 26.41 df 5; p = 0.000074) only for large saccades (U = 12; p = 0.0009).
Saccade Skewness
Saccade skewness was first analyzed within each group (Fig. 2) . In the TD group, saccade skewness showed a Comparisons between saccade tasks (H = 83.45; df 11; p = 0.00001) did not reveal significant differences between VGST and DST and between MGST and AST, but significant differences were observed between VGST and MGST (large saccades: U = 12; p = 0.0014; medium saccades: U = 13; p = 0.0018), between VGST and AST (medium saccades: U = 25; p = 0.02; small saccades: U = 12.5; p = 0.0016), between DST and MGST (large saccades: U = 22; p = 0.02; medium saccades: U = 14; p = 0.0023), and between DST and AST (small saccades: U = 14; p = 0.0023). In summary, saccade skewness was influenced by saccade amplitude, being smaller for larger saccades, and by saccade task, being smaller for non-visually (MGST and AST) than for visually guided (VGST, DST) saccades (Fig. 2) . In the DD group, a weaker relationship between saccade skewness and saccade amplitude was observed, being significant only in the DST (H = 10.61, df 2, p = 0.005), for large vs small saccades (U = 0; p = 0.0014), and in the AST (H = 11.21; df 2; p = 0.0037), for large vs small saccades (U = 3; p = 0.001). Comparison between saccade tasks (H = 77.07; df 11; p = 0.00001) found no difference between VGST and DST and between MGST and AST (Fig. 2) . However, saccade skewness was significantly different between VGST and MGST for all saccade sizes (large saccades: U = 0; p = 0.0045; medium saccades: U = 2; p = 0.0018; small saccades U = 2; p = 0.002), between VGST and AST (large saccades: U = 0; p = 0.00007; medium saccades: U = 0; p = 0.0001; small saccades: U = 0; p = 0.0002), between DST and MGST (medium saccades: U = 0; p = 0.0076; small saccades: U = 1 p = 0.0078), and between DST and AST (medium saccades: U = 0; p = 0.00089; small saccades: U = 0; p = 0.0025).
Comparison of saccade skewness between control and dyspraxic subjects revealed significant differences in the VGST for small saccades only (H = 35.95, df 5; p = 0.00001, small saccades: U = 13; p = 0.0025), no significant differences in the DST, significant differences in the MGST for medium and small saccades (H = 42.04, df 5; p = 0.00001, medium saccades: U = 0; p = 0.0001; small saccades: U = 0; p = 0.0001), and significant differences in the AST for large, medium, and small saccades (H = 46.35 df 5; p = 0.00001; large saccades: U = 0; p = 0.0002; medium saccades: U = 0; p = 0.00036; small saccades: U = 0; p = 0.002). In addition, we checked that AS skewness was decreased compared to VGS skewness in each DD (Fig 3) and that large antisaccade skewness of each DD subject was significantly larger than the mean value of the TD ( Table 3) .
The comparison of the skewness index (antisaccade skewness expressed as a percentage of visually guided saccade skewness) between both groups of participants (H = 41.07; df 5; p = 0.00001) confirmed that saccade skewness had a lower value in the AST than in the VGST and revealed a significantly greater skewness index in dyspraxic subjects than in controls (large saccades: U = 0; p = 0.000015; medium (Fig 4) . Since the antisaccade task was systematically performed at the end of the recording session, a decreased level of alertness in dyspraxic subjects might have resulted in decreased saccade velocities and therefore altered antisaccade skewness. We therefore measured saccade skewness of each centripetal saccades performed immediately after correct antisaccades, in both groups (Fig 5) . The results showed that, in dyspraxic subjects, these centripetal saccades were significantly less skewed than the immediately preceding antisaccade (p < 0.01) and were not significantly different from similar centripetal saccades performed by control subjects (p > 0.05). These results thus enable to rule out a decreased arousal in dyspraxic patients.
Antisaccade Error Rate
Antisaccade error rates (ER) were significantly increased in the dyspraxic group (p = 0.0058). The analysis of individual data revealed an increased ER (i.e., out of CI [6.54-12 .65]) in 9 out of 11 dyspraxic subjects.
Discussion
This study is the first to analyze in detail saccadic eye movements in subjects with DD. The most striking and unexpected finding was the observation of markedly abnormal saccade dynamics in a group of dyspraxic adolescents. Other impairments consisted of increased memory-guided saccade Table 3 Comparison of large antisaccade skewness in each dyspraxic subject (DD1 to DD11) to the mean antisaccade skewness of the control group (mean skewness in the control group = 0.381, SD = 0.047) [20, 21] latencies, increased error rates in the AST, and increased variability of visually guided saccade amplitudes. In order to interpret these results, a brief overview of the neurophysiology of saccades is warranted [10] . Saccades are controlled by a neural network that involves frontal and parietal cortical areas, subcortical structures (basal ganglia and superior colliculus), the cerebellum, and the saccade generator in the brainstem [10, 22] . Cortical oculomotor areas are mainly engaged in target localization and selection and in decisionmaking processes. The parietal eye field (PEF) is more concerned with the control of reflexive-like saccades, whereas the frontal eye field (FEF) mainly controls the triggering of more purposive saccades [23] . A prefrontal area (Brodmann's area 46) is especially important when a reflexive saccade needs to be canceled [24, 25] . The basal ganglia, located on frontal efferent pathways, are able to modulate purposive saccadic signals with respect to cognitive factors, such as target selection, target prediction, short-term memory, or motivation [26] . The superior colliculus, located between cortical areas and brainstem centers, has a potential influence on all saccade parameters (saccade latency, velocity, and amplitude) [11, 27] . Cerebellar structures involved in saccade control are principally the posterior vermis and the underlying fastigial oculomotor region (FOR). The main role of these structures is to maintain a high level of saccade accuracy on a trial-to-trial basis and in the long term [6] . Finally, the saccade generator contains burst neurons that encode saccade velocity [10] .
Our dyspraxic group showed strong evidence for a frontal lobe dysfunction. Increased memory-guided saccade latencies but normal visually guided saccade latencies are typically observed after FEF inactivation [28, 29] . A decreased ability to cancel reflexive saccades (i.e., increased antisaccade error rate) is another frontal lobe symptom ascribed to an affected dorsolateral prefrontal cortex [24, 30, 31] .
Besides cortical symptoms, we observed in most dyspraxic subjects unambiguous signs of cerebellar dysfunction. Cerebellar dysfunction typically results in the occurrence of intermingled hypometric and hypermetric saccades, expressed by an increased variability of saccade gain [11] , as demonstrated in our dyspraxic group in the VGST and the DST. Hence, these results are in agreement with our initial hypothesis of both frontal lobe and cerebellar symptoms in dyspraxic children.
The analysis of saccade velocity did not initially appear as a relevant parameter. However, the observation of slowed saccades in the DD group, especially in the MGST and the AST, led us to introduce the analysis of saccade dynamics. It appeared that saccade slowing was related to prolonged deceleration phases but relatively unaffected initial velocities, resulting in more skewed velocity profiles.
During a normal saccade, a powerful acceleration leads to peak eye velocity, immediately followed by a deceleration phase. For visually guided saccades of average amplitudes (e.g. 10-12°), both phases are of equal length [19] . If saccade velocity is plotted against time, an approximately symmetric (non-skewed) curve, centered on peak eye velocity, is obtained. Saccade skewness, defined as the duration of the acceleration phase divided by total saccade duration, refers to the more or less symmetrical aspect of this curve. It is mainly influenced by saccade amplitude and presence or absence of a visual cue at the saccadic goal [19] . For visually guided saccades of average amplitudes, its value is close to 0.50 [19] . The duration of the deceleration phase increases as saccade amplitude increases, resulting in asymmetrical velocity profile and saccade skewness below 0.50. For saccades of similar amplitudes, the duration of the deceleration is longer in non-visually guided saccades, such as antisaccades and memory-guided saccades. Theoretically, saccades of increased skewness refer to saccades in which both phases are of unequal duration, but a large majority of the abnormal skewnesses corresponds to increased duration of the deceleration phase. Therefore, increased skewness, as used henceforth, most often refers to a value below 0.50.
The analysis of saccade skewness in our control group is in good accordance with previous data: saccade skewness increased with saccade amplitudes (Fig. 2) and was larger in the non-visually guided (MGST and AST) than in the visually guided (VGST and DST) tasks. A similar trend was observed in the dyspraxic group: saccades of larger amplitude tended to be more skewed, and the most skewed saccades were observed in the MGST and the AST. However, whereas the modulation with saccade amplitude tended to be slightly less than in control subjects, the influence of saccadic type was markedly more pronounced: saccades were strikingly more skewed in the AST than in the VGST, with a marked increased duration of the deceleration phase.
A decreased state of alertness may lead to saccades of decreased velocities with an altered velocity profile [19] . We however ruled out this hypothesis by showing that, in the antisaccade task, centripetal saccades performed immediately after correct antisaccades were not only less skewed than the immediately preceding antisaccade but also not different from those performed by control subjects.
We then hypothesized that this observation could be ascribed to an impaired cerebellar control, since the increased saccade duration was mainly due to an increased deceleration phase. However, the oculomotor vermis and the underlying FOR seem to exert control over all types of saccades, without specificity for visually or non-visually guided saccades [32, 33] . The origin of this pattern could therefore arise from another cerebellar structure in which such selectivity occurs or from an upstream structure. Few studies have shown that the cerebellar control over saccades may also include paravermal areas that receive frontal efferent signals via the pontine nuclei and the nucleus reticularis tegmenti pontis (NRTP) [34, 35] . An experimental dysfunction of these areas induces an increased variability of saccade accuracy without alteration of the mean saccadic gain [35] , which is what we have observed in our patients with DD. However, since the effect on saccade skewness has not been analyzed, this hypothesis remains speculative.
As stated above, a larger impairment of non-visually saccades compared to visually guided saccades suggests an FEF dysfunction [36, 37] . However, cortical areas exert little, if any, influence on saccade velocity profiles. Saccade velocity profiles were analyzed after either micro [28] or large [38] FEF inactivations and found decreased saccade velocities without significant alterations of saccade skewness [28 and 38 (personal communication) ].
The SC and the NRTP are interposed between oculomotor cortical areas and the cerebellum [39] . An SC dysfunction is an unlikely hypothesis, since its inactivation results in a homogenous decrease of saccade velocity, affecting equally initial and later phases of saccades [11] . Conversely, NRTP inactivation results in markedly abnormal saccade velocity profiles with increased deceleration phases [40] . Although more studies are needed to confirm our hypothesis, we propose that the particular velocity profile observed in the children with DD could result from a flawed communication between the frontal cortices and the cerebellum at the pontine level.
We cannot, however, conclude with certainty that this anomaly is unique to DD and independent of the psychiatric and neurodevelopmental comorbidities that were idiosyncratic to the sample ( Table 1 ). The cerebellum is characterized by an extensive connectivity network, which comprises the basal ganglia and distributed regions of the cerebral cortex. Accumulating evidence from anatomical, structural, and functional imaging and lesion studies provides a substrate by which cerebellar abnormalities are involved in autism spectrum disorder [41, 42] , schizophrenia [43] , depressive disorders [44] , ADHD [45] , specific language impairment [46] , and specific learning disorders [47] . These abnormalities affect grey matter, Purkinje cells, and cerebellar volume (for a review, see [47] ). Furthermore, commonalities can be found in the putative networks involved, which is not surprising given the comorbidity between the disorders, but no overlap in the affected regions were found [44, 47] . Moreover, given the clinical heterogeneity of the aforementioned disorders (following the example of autism spectrum disorders) which match the majority of those in our sample (Table 1) , the direct link between cerebellar structure and function and the symptoms exhibited in each disorder has yet to be established. Until now, the analyses of saccade velocities in patients with autism spectrum disorders [48] or schizophrenia [49, 50] have not shown similar patterns of saccade abnormalities. Beyond the diversity in diagnoses concerning our sample (cf. From a neuropsychiatric point of view, our aim is to determine the behavioral correlates of these impaired saccade dynamics through the investigation of a large number of children with DD. A correlation between the present oculomotor finding and a given profile could address the complexity of this neurodevelopmental disorder.
